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Abstract
Habitats adjacent to crop fields can increase natural enemy populations by 
providing additional food, shelter and overwintering sites. While many studies 
have focused on the role of non-crop borders for supporting natural enemies, here 
we investigate the influence of adjacent crop habitats as well. We monitored the 
movement of carabid beetles (Coleoptera: Carabidae) between wheat fields and 
adjacent crop and non-crop habitats using bi-directional pitfall traps. We found 
greater movement of carabids from corn into wheat fields than from forest and 
soybean, with intermediate levels of movement from roadside vegetation. Addi-
tionally, significantly more carabids were captured moving into corn from wheat 
than into any other habitat. We also found that carabid community assemblages 
at habitat borders were different from those in the interior of wheat fields. Our 
findings suggest that agricultural ecosystems composed of a variety of both non-
crop and crop habitats are necessary to maintain carabid abundance and diversity.
 
____________________
Permanent and semi-permanent non-crop habitats surrounding agricul-
tural fields, like grassy strips, hedgerows, woodlots, and grasslands are impor-
tant for conservation biocontrol. These habitats harbor increased diversity of 
natural enemies of pests by providing additional food resources, shelter and 
overwintering sites (Varchola and Dunn 2001, Landis et al. 2005). Due to pest 
outbreaks during the summer, field crops may at times contain a high availability 
of food and encourage the movement of predators into crops where competition 
for prey is low (Wallin and Ekbom 1988). Natural enemies may colonize crops 
under such conditions, but retreat back to non-crop habitats once the crops have 
become unsuitable to live in (i.e., after harvest or pesticide application) (French 
et al. 2004, Landis et al. 2005, Gavish-Regev et al. 2008). Such movement back 
and forth between crops and non-crop habitat may be important for natural 
enemy efficacy (Wissinger 1997, Tscharntke et al. 2008).  
One group of natural enemies that exhibits this movement between vari-
ous habitats is the carabid beetles (Coleoptera: Carabidae). These polyphagous 
beetles can consume an amount of food nearly equivalent to their body mass 
each day (Lindroth 1961-1969, Kromp 1999). Carabid beetles typically forage 
for prey at the soil surface (Lindroth 1961-1969), however, certain species will 
occasionally forage below the surface (Lee and Edwards 2012) or climb plants 
(Lovei and Szentkiralyi 1984, Sasakawa 2010) in search of seeds or insects. 
Carabids are important generalist predators in agricultural systems because 
they feed on known crop pests such as aphids (Sunderland et al. 1987, Winder 
et al. 2005, Hajek et al. 2007), slugs (Bohan et al. 2000, Eskelson et al. 2011, 
Hatteland et al. 2011), and weed seeds (Gallandt et al. 2005, White et al. 2007, 
Bohan et al. 2011). Studies have shown that higher abundances of carabids in 
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crop fields lead to lower pest populations (Lang 2003, Bohan et al. 2011, Lee 
and Edwards 2012).
Carabid diversity and abundance are influenced by habitats surrounding 
agricultural fields at various scales. At the local field scale, many studies have 
found that more complex habitats with higher plant diversity and more cover 
support higher carabid abundance and species diversity than more simple habi-
tats with lower plant diversity and/or less cover (Asteraki et al. 1995, Shearin et 
al. 2008, Taboada et al. 2010, Blubaugh et al. 2011). In addition, carabid beetle 
abundance and diversity are affected at the landscape level, which consists of 
a mosaic of various crop fields and non-crop habitats. Bommarco (1998) found 
that the amount of field edge and the presence of non-crop habitats in an agri-
cultural landscape may even affect fecundity and adult body size of carabids. 
At this scale, non-crop habitats may act as dispersal corridors for carabids and 
affect carabid assemblages at distances of up to one kilometer (Burel 1989). As 
such, agricultural landscapes with greater habitat diversity and more non-crop 
habitat harbor greater carabid diversity and abundances (Weibull et al. 2003, 
Schweiger et al. 2005, Werling and Gratton 2008). 
Studies examining the movement of carabid beetles between habitats in 
agroecosystems have often focused on the role of border habitats like hedgrerows 
and grassy banks as barriers to movement between fields (Frampton et al. 1995, 
Mauremooto et al. 1995, Holland et al. 2004, 2005). The potential role of other 
crop habitats, as opposed to non-crop habitats, in supplying natural enemies 
to crop fields has been largely overlooked, despite the fact that different crop 
habitats may provide complementary food and shelter resources (Vasseur et al. 
2013). In this study, we explicitly examined different types of habitat commonly 
found adjacent to wheat fields in Michigan to determine their relative impor-
tance for providing carabid beetles to wheat fields. We studied the movement of 
carabids between wheat fields and two crop habitats (corn and soybean) as well 
as two non-crop habitats (forest and grassy-roadside vegetation) and quantified 
carabid activity-density and community assemblages.
Materials and Methods
Study Site. This study was conducted in Gratiot County, MI in a land-
scape dominated by field crop production. Crops grown in this region primarily 
consist of corn, soybean and wheat, with smaller proportions of sugar beets and 
alfalfa.  Non-crop habitats in this region primarily consist of fencerows, woodlots 
on marginal lands, and grassy roadside margins. The fields in this study were 
managed in a conventional corn – soybean – wheat rotation. Data were collected 
in four wheat fields surrounded by typical crop and non-crop vegetation of the 
region (Table 1). We sampled carabid beetles along multiple border types in each 
field, using methods modified from Vasseur (2012). The four wheat fields used 
in this study were planted in autumn of 2010 and harvested 13-21 July 2011. 
Carabid monitoring. We monitored carabid movement using pitfall traps 
consisting of 0.95 L cups (Fabri-Kal, Kalamazoo, MI) buried flush with the soil 
surface and filled with 2 cm of 50:50 propylene glycol: water mixture (Fig. 1A). 
Squares of 0.6 cm mesh-hardware cloth (10 cm x 10 cm) were placed into each 
cup, 2 cm from the top to prevent the capture of mammals and amphibians. 
Plastic plant saucers (20 cm diameter) were inverted and suspended over each 
cup using 3 pin flags to prevent overflow during rainfall. In each station, two 
identical cups were placed 10-20 cm apart. Pitfall traps were used continuously 
in wheat field centers and borders from 23 May 2011 through 21 June 2011. 
Samples were stored in 70% ethanol and all carabids were identified to species 
using a reference collection from the Michigan State University Department of 
Entomology Albert J. Cook Arthropod Research Collection, as well as reference 
to an identification guide (Lindroth 1961-1969).
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Carabid movement between wheat fields and surrounding habitats was 
monitored using bidirectional traps placed at field edges (Fig. 1B; Vasseur 2012). 
Traps were constructed of corrugated plastic sheets, measuring 60 cm tall and 4 mm 
thick, stapled together to form a Z shape. The shorter arms of the Z were 1 m long 
and attached at right angles to the longer portion, which measured 1.5 m. The traps 
were placed so that one apex of the Z enclosed wheat and the other apex enclosed an 
adjacent habitat. Traps were buried 15-20 cm in the soil and two pitfall traps (Fig. 
1A) were placed in each apex of the Z. Because the pitfalls were placed 1 meter into 
the other habitat type, carabid beetles had ample time to turn around and return 
to the source habitat if conditions were not suitable in the destination habitat. In 
this way, Z traps indicate carabid beetles’ initial preference for a given habitat.
Each field had 5-8 bidirectional Z traps to intercept carabids moving 
between wheat and corn, soybean, forest, or roadside habitats (Table 1). Traps 
were distributed among habitat types proportionally to the amount of each 
habitat bordering a given wheat field. For example, if a wheat field shared ap-
proximately 25% of its perimeter with corn, then 2 of the 8 border traps were 
placed at corn-wheat edges. The traps for each border type were spread out in 
different cardinal directions whenever possible to account for possible cardinal 
direction biases in carabid movements. Carabid activity-density within the fields 
was monitored with sampling stations placed in the interior of wheat fields 130-
175 m apart. These stations consisted of two standard pitfall traps placed 20 
cm apart. Each field contained 4 of these interior sampling stations, except for 
field D which only contained 3, for a total of 15 interior stations.
Statistical Analyses.
Contributions of Source Habitats and Preference for Alternate Habitats. 
To measure the relative contributions of different source habitats (corn, for-
est, roadside vegetation and soybean) to carabid activity-density within wheat 
fields, we used trap captures for carabids moving into wheat from each adjacent 
habitat type (i.e., source habitats). To measure carabid preference for different 
adjacent habitats (i.e., destination habitats), we used trap captures for carabids 
Figure 1. Pitfall (a) and bidirectional Z (b) trap designs. In panel (b), dashed arrows 
indicate carabid movement between a wheat field and an adjacent habitat. Habitats that 
carabids exited (beginning of the arrows) are referred to as source habitats. Habitats that 
carabids entered (apex of the arrows) are referred to as destination habitats.
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moving from wheat into each adjacent habitat type. Any samples that were 
compromised due to flooding or tampering by mammals were removed prior to 
analysis. For these two separate comparisons, we determined the mean number 
of carabids per trap in each habitat and compared these means using one-way 
analyses of variance (ANOVA; Proc GLIMMIX, SAS 9.2, SAS Institute, 2009) 
followed by Tukey-Kramer post hoc tests. Mean trap captures were square-root 
transformed prior to analysis to help normalize variance. Edge habitat type 
was included as the fixed effect and site was included as a random variable. 
Weekly activity-density data were included as replicate samples after initial 
analyses indicated no effect of week on carabid captures.
Carabid Community Assemblage. To compare carabid community assem-
blages (i.e., the species present and their relative activity-densities) among the 
habitats, a Bray-Curtis Similarity Index was calculated for each pair of pitfall 
trap locations. Traps in wheat field centers were used to describe communities 
in wheat, and trap captures of carabids moving into wheat were used to describe 
community composition of carabids being supplied by each of those habitats. 
The BC Index is a similarity index ranging from 0-100, with 0 representing 
communities that are completely dissimilar (have no species in common), and 
100 representing communities that are completely similar (have all the same 
species in the exact same abundances). The following is the equation for the 
index, where p is the number of species, Y is the number of individuals of species 
i in a given sample, and j and k represent any two sample units:
  
p ∑ │Yij – Yik│
Sjk = 100 * {1 – i = 1––––––––– } 
 
 p
 ∑ (Yij – Yik) 
i = 1
Because larger populations tend to have higher variances over time, the 
activity-density in a single sample may not be an accurate estimate of the av-
erage activity-density of that species over time. Thus, it is important to avoid 
strong influences of high activity-density of common species on relative similarity 
calculations (Clarke and Warwick 2001). To do this, the total number of indi-
viduals per species in each trap was averaged across the 5 weekly samples and 
then square root transformed. Species comprising less than 1% of total carabid 
capture were also excluded from analysis to avoid disproportionate influences 
of rare species on similarity calculations.
To compare community similarity across habitats, an Analysis of Similarity 
(ANOSIM) was conducted in Primer Primer 6.0 (Primer-E Ltd, Ivybridge, UK) 
on the rank similarities of each sample pair.  Here, the measure of the effect 
of habitat on similarity between samples is calculated by the R test statistic, 
which is similar to an F statistic in an ANOVA. The R test works with the 
null hypothesis that habitat type does not affect the similarity between traps, 
meaning that random switching of the habitat assigned to each sample would 
have no effect on similarity.  In ANOSIM, the habitat labels for each trap are 
randomly reassigned and a new R statistic is calculated to measure the effect 
of habitat on sample similarity. This was repeated 999 times for each pair of 
habitats, except for the roadside-soybean pair, which was permuted 495 times 
because there were fewer soybean trap samples.  The probability that the R 
value from the data indicates a significant difference between habitats is equal 
to the number of times that an R value of equal or greater value is generated 
by chance during the random reassignments, divided by the total number of 
random reassignments. To avoid the confounding effects of multiple comparisons 
on significance, we adjusted α-values accordingly using the Benjamini and Ho-
chberg False Discovery Rate Control (FDR) Procedure (Verhoeven et al. 2005). 
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Results
A total of 1398 adult carabid beetles comprising 37 species were collected 
during the 5 weeks of this study. Seven species of carabid beetles each contrib-
uted 5% or more of total captures: Pterostichus melanarius (Ill.), Amara aenea 
(DeGeer), Agonum placidum (Say), Poecilus lucublandus (Say), Harpalus her-
bivagus (Say), Chlaenius tricolor (Dejean) and Poecilus chalcites (Say) (Table 2). 
Relative contributions of source habitats. Overall, source habitat 
significantly influenced activity-density of carabids entering wheat fields (F = 
12.05; df = 3, 239; P < 0.0001; Fig. 2). Corn fields contributed significantly more 
carabids to wheat fields than forest (t = 5.80; P < 0.0001) and soybean (t = 2.94; 
P = 0.0185), but not roadside vegetation (t = 2.14; P = 0.1433). There were no 
significantly different contributions between any of the remaining habitats. The 
most commonly captured species entering wheat fields from each border habitat 
type are shown in Table 3. 
Carabid preference for alternate habitat types. Overall, destination 
habitat had an effect on carabid movement (F = 10.12; df = 3, 239; P < 0.0001; 
Fig. 2). There were significantly more carabids moving from wheat into corn 
than from wheat into forest (t =  4.71; P < 0.0001), roadside vegetation (t = 4.19; 
P = 0.0002) or soybean (t = 2.91; P = 0.0203). There were no significant differ-
ences of carabid preference among forest, roadside, or soybean vegetation. The 
most commonly captured species leaving wheat fields at each border habitat 
type are shown in Table 3. 
Community assemblages. Overall, carabid community assemblages 
varied among all habitats (R = 0.244; P = 0.01). In pairwise comparisons, com-
munities in all habitats were significantly differently from one another, except 
those in roadside vegetation versus corn and roadside vegetation versus forest 
(Table 4). Carabid communities in each habitat differed in abundant species 
and the relative activity-density of these species (Fig. 3). The following results 
compare only corn, roadside, forest, and wheat, due to low captures in soybean. 
Considering the four most captured species in each habitat, Am. aenea was 
among among the most captured species in all four habitats, while Pt. melanarius 
was amont the most captured in all habitats but forest, and H. herbivagus in 
all habitats but wheat. Ag. placidum was among the top four most captured 
species in wheat and roadside habitats and Ch. tricolor was among the most 
captured species in wheat and forest habitats.  Po. lucublandus was among the 
most captured species in corn only and Anisodactylus rusticus (Say) was among 
the most captured species only in the forest habitat. 
Discussion
The carabid communities represented in this study show similarities and 
differences to carabid communities identified in previous studies in this region. 
Of the seven carabid species with the highest activity-density in this study, Pt. 
melanarius and Po. lucublandus were also among the most captured in three 
other studies examining carabid activity in Michigan agricultural habitats, 
while four other species were among the most captured in at least one of the 
earlier studies (Clark et al. 1997, Carmona and Landis 1999, Lee et al. 2001). 
However, Ch. tricolor, which made up more than 7% of our captures, made up 
less than 1% of captures in the previous studies. Additionally, some species 
that were among the most captured in the earlier studies were captured in low 
densities (e.g., Pt. permundus (Say), H. pennsylvanicus (DeGeer), Bembidion 
quadrimaculatum (Say), and Ag. cupripenne (Say)) or not at all (e.g., Clivina 
impressifrons (LeConte), and Cyclotrachelus sodalis (LeConte)) in this study. 
Some of these differences may be due to the habitats sampled. Two of the studies 
sampled both perennial and annual crop habitats, and C. sodalis (Clark et al. 
1997) and Pt. permundus (Carmona and Landis 1999) were more common in the 
6
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perennial habitats.  In other cases, differences in abundant species across stud-
ies may be related to interannual variation in carabid abundance. Even within 
a single habitat in a given study, the abundance of a particular carabid species 
may vary greatly from year to year (e.g., Lee et al. 2001, Rutledge et al. 2004).
Carabid community assemblages differed among field boundary types and 
wheat field centers. Both the identity and number of dominant species varied 
among habitats, including the presence and activity-density of species like Ch. 
tricolor, Pt. melanarius and B. quadrimaculatum, which are known to consume 
crop pests such as slugs (Bohan et al. 2000, Eskelson et al. 2011) and weevil eggs 
(Vankosky et al. 2011). This suggests that maintaining an agricultural ecosystem 
composed of a variety of both crop and non-crop habitats may help maintain 
these species in the landscape, supporting carabid diversity and abundance. 
The community assemblage data should be interpreted cautiously due to 
the inherent limitations with the use of pitfall traps in different habitats. Pitfall 
traps measure activity-density, i.e., captures are influenced by both population 
sizes and activity levels. Dense vegetation at ground level restricts the freedom 
of carabid movement, such that carabid activity decreases as vegetation density 
increases (Frampton et al. 1995, Mauremooto et al. 1995, Thomas et al. 2006). 
Therefore, pitfall trap captures should not be used to compare population sizes in 
habitats with different vegetation density, as this cannot be separated from vegeta-
tion effects on activity. Here, we are less concerned with overall population sizes 
than with activity at the border between habitats. This study demonstrated that 
carabid movement is greater across certain boundary types than others. Variation 
in carabid preference for and community assemblage among the studied habitats 
may be due to microclimate differences. Factors such as soil surface temperature, 
humidity and ground cover can significantly influence carabid abundance and 
diversity by creating a more favorable or unfavorable microclimate (Chiverton 
and Sotherton 1991, Henshall et al. 2011, Ward et al. 2011). Carabids tend to 
Figure 2. Mean (± SE) number of carabids per trap captured moving between wheat 
fields and adjacent habitats. Means sharing the same letter do not differ significantly 
(Tukey-Kramer post-hoc, P > 0.05).
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aggregate in refuges filled with dense vegetation in preference to bare ground 
(Brose 2003), although individual species may prefer microhabitats with more 
or less dense canopy cover (Ward et al. 2011).  Dense vegetation and closed plant 
canopy can moderate microclimates by retaining soil moisture and decreasing 
soil surface temperature, as compared to bare soil exposed to sunlight. 
By far, more carabids moved between wheat and corn than any other 
habitat studied. The most common species moving back and forth between 
corn and wheat are Am. aenea, B. quadrimaculatum, and Pt. melanarius. All 
three species are polyphagous predators of invertebrates (Sunderland 2002), 
and Am. aenea also consumes weed seeds (Tooley and Brust 2002). Pt. mela-
narius and B. quadrimaculatum are among the most common carabids found in 
North American agricultural fields (Luff 2002). Pt. melanarius and Am. aenea 
are eurytopic (Eversham et al. 1996), and are considered generalists of open 
habitats. For example, Pt. melanarius is able to forage in both crop and adjacent 
noncrop habitats of a variety of vegetation complexity and disturbance levels 
(Fournier and Loureau 2001). Bembidion species are known to be most active in 
crop habitats with bare ground and little shade (Luff 2002), such as cornfields 
(Esau and Peters 1975). Unsurprisingly, given their fairly generalized habitat 
use, these species were also active at the other boundary types. 
The greater exchange rates between corn and wheat suggest that condi-
tions in corn fields were more favorable for carabids than other habitats adjacent 
to wheat. Typically corn is planted before soybean in the North Central U.S., 
and thus corn on average closes canopy earlier in the summer growing season, 
creating a more favorable habitat for carabids for a greater portion of the sum-
mer. Conversely, the forest habitats monitored contained little understory 
Figure 3. Percentages of each species composing total capture in corn, forest, roadside 
vegetation, soybean and wheat. Only the top species composing 90% of the total cap-
ture are listed individually and the remaining 10% are grouped together as “other”.
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vegetation, providing limited cover for carabids. Beetles are predicted to move 
more readily from high to low density vegetation than vice versa because of the 
way that dense vegetation slows carabid movement, retaining individuals closer 
to boundaries (Thomas et al. 2006). However, if that were the only mechanism 
at play, we would have expected to see high numbers of carabids leaving wheat 
for corn, which is a relatively open habitat a ground level due to plant spacing, 
but not high numbers moving from corn into wheat. The greater movement 
between these crops in both directions suggests that the effects of vegetation 
density on carabid movement were not the only factors at play. 
Roadside vegetation also contributed moderate numbers of carabids to 
wheat fields. In our study, roadside vegetation consisted of densely growing 
grasses and weedy forbs, making this vegetation structure very different from 
an evenly planted crop field. Roadside vegetation could have provided alternative 
prey items and habitat structures that carabids find beneficial. Many studies 
have shown refuges such as these are crucial to carabid beetle populations 
because they provide overwintering sites  (Desender 1982, Sotherton 1985, 
Desender and Alderweireldt 1988), alternative prey items (Hawthorne and 
Hassall 1995) and additional shelter during the spring and summer (Thomas 
et al. 2001), thereby enhancing populations and lowering the detrimental ef-
fects of disturbances such as harvest or pesticide application (Lee et al. 2001, 
Ward et al. 2011). 
When considering the differences in carabid movement across boundar-
ies, it is important to keep in mind that this study took place over a short time 
period during which little change in vegetation quality in any of the habitats 
occurred. Several studies have shown that both carabid abundance and diver-
sity within crop fields and non-crop habitats vary over time as canopy traits 
change depending on the growth stage of the surrounding vegetation (Varchola 
and Dunn 1999, 2001). For example, it is likely that we would have seen more 
movement to and from grassy habitats had we sampled earlier in the season 
when carabids were emerging from their overwintering shelters or post-harvest. 
On-going studies will examine how the movement of carabids between various 
habitats changes throughout the growing season.
Studies examining the ability of agricultural landscapes to supply benefi-
cial organisms to crop fields typically focus on the benefits of non-crop habitat 
(Burel et al. 2013). However, different crops can also provide different types 
of resources in the same way that non-crop habitats do (Fahrig et al. 2011). In 
fact, some populations may be able to persist by moving between ephemeral 
crop habitats that provide complementary resources without depending on 
more permanent habitats (Vasseur et al. 2013). Indeed, our results show more 
movement in and out of wheat from corn than from non-crop habitats during 
the portion of the season examined. Additionally, farmers may be more willing 
and able to manage the diversity and arrangement of crop habitats on their land 
than of non-crop habitats (Fahrig et al. 2011). Therefore, studies providing more 
detailed information about the potential benefits of crop habitats to natural 
enemies are critical for developing recommendations for designing agricultural 
landscapes to enhance biological control services. 
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